In this study, using the fourth version of the Community Atmosphere Model (CAM4) with a bulk aerosol model parameterization (BAM) for dust size distribution (CAM4-BAM), East Asian dust and its direct radiative feedbacks (DRF) during the Last Glacial Maximum are analyzed by intercomparing results between the experiments with (Active) and without (Passive) the DRF. This CAM4-BAM captures the expected characteristics that the dust aerosol optical depth and loading over East Asia during the Last Glacial Maximum (LGM) were significantly greater compared to the current climate. A comparative analysis of the Active and Passive experiments reveals that consideration of the dust-radiation interaction can significantly reduce dust emissions and then weaken the whole dust cycle, including loading, transport, and dry and wet depositions over East Asia. Further analysis of the dust-radiation feedback shows that the DRF decreases surface sensible heat, mainly owing to the negative surface forcing induced by dust with a value of −11.8 W m −2 . The decreased surface sensible heat weakens the turbulent energy within the planetary boundary layer and the surface wind speed, and then reduces the regional dust emissions. This process creates a negative DRF-emission feedback loop to affect the dust cycle during the LGM. Further analysis reveals that the dust emissions in the LGM over East Asia were more reduced, with amounts of −77.2 Tg season −1 by the negative DRF-emission feedback, compared to the current climate with −6.8 Tg season −1 . The two ratios of this reduction to their emissions are close to −10.7% for the LGM and −7.5% for the current climate.
Introduction
Atmospheric dust has widespread impacts on climate, atmospheric chemistry, biogeochemical cycles, and human health, and has attracted a lot of attention. In the climate system, it can alter the Earth's radiation balance via scattering and absorbing radiation in the atmosphere, act as nuclei for cloud formation, and fertilize ecosystems upon deposition [1] [2] [3] . Subsequently, changes in dust loading could yield a substantial radiative forcing of the climate system and then influence cycles of atmospheric components, such as water vapor [4, 5] and CO 2 [6, 7] , as well as itself [8, 9] .
Dust in the atmosphere can directly absorb and scatter thermal (longwave, LW) and solar (shortwave, SW) radiation, known as dust direct radiative forcing (DRF). The importance of DRF has
Methods

Model Description and Numerical Experiment Design
The CAM4 is the atmospheric component of the fourth version of the Community Climate System Model, which is documented in more detail by Neale et al. [33] . The CAM4 with a bulk aerosol model parameterization (BAM) for the dust size distribution (CAM4-BAM) adopts a sub-bin fixed size distribution of externally mixed aerosols, including dust, black carbon, organic carbon, sea salt, and sulfate [35] . The dust model coupled to the CAM4 is based on a representation of the major components of the dust cycle: Mobilization, transport, and deposition [28, 36] . The dust size distribution is described by Mahowald et al. [37] with four size bins, with diameters of 0.1-1.0 µm (Bin1), 1.0-2.5 µm (Bin2), 2.5-5.0 µm (Bin3), and 2.0-10.0 µm (Bin4). Besides direct radiative forcing, modeled impacts of dust on climate include radiative impacts of dust on both snow and sea ice, which may change the snow or ice albedo and exert a significant positive radiative forcing [38, 39] . The released version of the CAM4-BAM has had some bias in simulating the dust cycle and dust radiative forcing on global and regional scales [31] . Improvements to CAM4-BAM for the dust cycle were proposed based on three major aspects: The optimized soil erodibility maps with respect to each of the macroareas, updated optical properties of dust with realistic absorption parameters (including the LW effects, which were ignored for the release version of CAM4), and a new size distribution for dust emissions, which better represents the dust cycle and better simulates the global climate and the dust cycle during different periods, in climate equilibrium conditions [18, 31] .
In this study, we used the improved CAM4-BAM model with the finite volume dynamical core for the high horizontal resolution (0.9 • × 1.25 • ) and 26 vertical levels to achieve the simulations for the present-day (PD) and LGM periods. It is noted that the model used here for the PD and LGM simulations is the same as Albani et al. [31] , except for the fixed surface sea temperature (SST). Although dust and SST form a feedback in the coupled atmosphere-ocean model that also affects regional climate and the dust cycle [16, 30] , the feedback is too slow a response for our study, which focused on the dust fast responses (the direct effects of aerosol on land surface, clouds, and radiation (rapid adjustment)). The boundary conditions basically follow the Paleoclimate Modelling Intercomparison Project 3 (PMIP3) protocol for greenhouse gas concentrations, land, and ice sheets, and the use of pre-industrial vegetation [40] . The LGM simulation differs from the PD simulation in terms of the: (1) Insolation, which was modified for astronomic conditions of 21 kyr, (2) concentrations of CO 2 , CH 4 , and N 2 O, which were reduced according to ice core data following the PMIP protocol, (3) ice sheets and sea level, which were prescribed according to the ICE-5G reconstruction of 21 kyr [41] , (4) soil erodibility maps, which were optimized for both PD and LGM model configurations based on DIRTMAP3 [42] , and (5) vegetation cover, which was simulated for the LGM equilibrium climate with BIOME4 [43] and incorporated the effects of vegetation in the LGM in the soil erodibility map. To examine the dust-radiation interaction, a total of four simulations with 21 years (first year spin-up) were performed: The first two for the PD climate with (PD-Active) and without (PD-Passive) the DRF, and the latter two were the same as the first two, but for the LGM climate, as summarized in Table 1 . "Active" and "Passive" mean the simulations with and without DRF, respectively. Based on these experiments, we used the results of the differences between "Active" and "Passive" experiments to investigate the climatic feedback of DRF and the dust cycle changes induced by DRF over eastern Asia. It is noteworthy that only the radiative effects of dust aerosols were considered here, and it was assumed that those of the other aerosols (black carbon, organic carbon, sulfate, and salt) were always passive in all simulations. The radiative forcing of dust in the snow was also ignored to isolate the DRF. In reality, the dust in the snow on the Tibetan Plateau may change the snow albedo and exert a significant positive radiative forcing on the dust cycle in East Asia [44] . Climatologies were based on the final 20 years of each simulation. 
Atmospheric PBL Mixing Index
The gradient Richardson number (Ri) usually serves a proxy to evaluate the atmospheric turbulent stability within the mixing layer, and is defined as follows (Equation (1)):
where ∆z is the height increment over which a specific calculation of Ri is being made, g is the acceleration of gravity, θ is the mean virtual potential temperature within that height increment, and ∆u and ∆v are the mean wind speeds in the zonal and meridional directions within the height increment, respectively.
The Ri is an effective and classical index to diagnose turbulence and has been recorded in many textbooks on boundary layer turbulence [45, 46] . It can be interpreted as the ratio of the buoyancy in the turbulent kinetic equation. When the Ri > 1, the turbulence is suppressed and the mixing layer development will be restrained [45] . When Ri < 1 and Ri > 0, a lower value indicates a higher degree of turbulence. In our study, we calculated the Ri values for pressures between 850 to 700 hPa levels over East Asia, as the altitude during the LGM was higher than that at PD. Table 2 shows the annual mean values of global dust emission, loading, and aerosol optical depth (AOD) in different models. Comparison with prior work shows large ranges in values. This large spread may be attributable to differences in the presentation of dust emissions and deposition mechanisms, as well as the differences in boundary conditions (including vegetation), the consideration of different aerosol size ranges, and lastly whether or not glaciogenic sources of dust [24] , for example, the simulation of Mahowald et al. [27] , excluded tuned glaciogenic sources. However, the values of emission, loading, and AOD simulated in our work have little difference from those of Albani et al. [31] , and the emission and loading are of the same order of magnitude as the results of Takemura et al. [29] and the MIROC-ESM model (Coupled Model Intercomparison Project phase 5, CMIP5) [47] .
Results
The Simulating Dust Climatology in PD and LGM
The CAM4-BAM reconstructions estimate higher global dust loading during the LGM than PD. Figure 1 shows the March-April-May (MAM) averaged dust AOD at 550 nm, and loading in the PD and LGM simulations. In the PD, the dominant AOD high value center is Northwest China, with a maximum value above 0.1 (Figure 1a) . The dust loading has a mean value of 0.1-0.6 g m −2 spreading from the west to the east in East Asia, and in Taklimakan it exceeds 1 g m −2 ( Figure 1b) . Compared to the PD climate, the values of dust AOD over the corresponding regions intensify significantly by an average factor of 4.2 during the LGM. The loading also increases by five times (Figure 1e ,f), with a notable increase in the Taklimakan region and decreases from this region to the widespread downwind areas (Figure 1c,d) . The spatial pattern of dust AOD and loading in the PD simulation is virtually identical to that in the LGM simulations. The global averaged LGM/PD ratio is 2.0, which is close to the LGM/Preindustrial (PI) ratio of 2.2 in simulations of Albani et al. [31] . However, Albani et al. did not plot the distribution of the ratio. Hopcroft et al. [32] show the worldwide LGM/PI ratio of dust loading using the HadGEM model, and the ratio over East Asia similarly ranges from 2 to 7. Figure 1g 
Changes in the Dust Cycle Induced by DRF
It is well known that the DRF can influence its own cycle via inducing atmospheric thermal structure and surface winds [21, 48, 49] . This subsection investigates changes in the key processes of the dust cycle through the LGM active minus passive experiments to identify the extent of DRF influence. Figure 2 compares the differences in the MAM-mean dust cycle induced by DRF in the LGM (Active-Passive) over East Asia, including dust emissions, loading, and dry and wet depositions. The figure shows that the dust emissions over East Asia all significantly decrease due to the DRF effect ( Figure 2a) . The dust loading, and dry and wet depositions almost decrease over the entirety of East Asia except a small part in the west (Figure 2b-d) . The regional means for these variables over East Asia are summarized in Table 3 . The DRF decreases the dust emissions over this region by 10.7%, which is 78.2 Tg season −1 . The corresponding dry and wet depositions are also decreased over this region by the DRF, with rates of 6.8%, 14.6%, respectively. Consequently, as the above processes of the dust cycle weaken, the dust loading is also reduced by 10.2% over East Asia due to the effect of DRF. To measure the influence of the DRF on dust transport, the three-month (MAM) averaged dust transport flux (the dust concentration multiplied by the wind speed) was computed through the vertical sections from the surface up to the model top (Figure 3 ). This flux value was widely used to To measure the influence of the DRF on dust transport, the three-month (MAM) averaged dust transport flux (the dust concentration multiplied by the wind speed) was computed through the vertical sections from the surface up to the model top ( Figure 3 ). This flux value was widely used to estimate the amount and direction of dust transport [50, 51] . In both active and passive experiments, as the prevailing mid-latitude free-tropospheric winds in MAM are westerly [52] , the dust over East Asia generally appears a pattern of zonal transport. The major branch of dust transport flux stretches from western China to Mongolia and to the regions of northeastern China and Korea (Figure 3a,b) . The dust transport calculations could be biased if only monthly averages are included. However, driven by the mid-latitude prevailing westerlies [52] , the dust transport presented a climatological pattern in the zonal direction in both LGM Active and Passive simulations. Therefore, the calculation of seasonal dust transport over East Asia could be generally acceptable in our study on climate changes (not dust episodes), based on the differences between the LGM Active and Passive experiments. Figure 3c shows the difference of the dust transport flux between LGM Active and Passive experiments. Reverse westward transport of dust was found in East Asia, indicating that the DRF can also weaken the dust transport. The MAM net masses of dust transported through the vertical sections at all borders of the East Asia region were also calculated. Since East Asia is mostly located in the mid-latitudes, it could be expected that the dust transport over East Asia is dominant in the eastward direction along the mid-latitude westerly belt. The meridional transport of dust is not significant, as its values at the northern (input) and southern (output) borders are nearly balanced in both the LGM active and passive simulations (Figure 3a (Figure 3c) , implying that the dust transport is also weakened by the DRF effect.
Atmosphere (Figure 3c) , implying that the dust transport is also weakened by the DRF effect. Figure 4 shows the spatial distributions of differences in MAM dust radiative forcing between the LGM Active and Passive numerical experiments, including shortwave (SW), longwave (LW), and net (SW + LW) components (at the surface, at the TOA, and in the atmosphere) for clear-sky radiative forcing. It is noted that the difference in the radiative forcing is significant almost everywhere over East Asia (not shown in the figures). The corresponding regional averaged values over East Asia are summarized in Table 4 . The regional averaged SW DRF of dust is negative at the surface (−28.9 W m −2 ), while the LW DRF is positive (17.1 W m −2 ), offsetting to some extent the SW effect (Table 4) . Consequently, there is a net negative radiative forcing at the surface (−11.8 W m −2 ) over eastern Asia, where it is much larger and statistically significant over the Taklimakan and Gobi deserts (Figure 4a ). This is mainly because the high scattering efficiency of large amounts of dust aerosols over these two dust source regions results in a larger surface negative radiative forcing. The SW of dust forcing at the TOA is negative (−7.0 W m −2 ) over East Asia, but the LW forcing is positive (4.4 W m −2 ) since the dust aerosols trap the outgoing longwave radiation at the TOA (Figure 4e) . Additionally, the net radiative forcing by dust aerosols in the atmosphere is positive over East Asia by the combined effects of high scattering for SW and trapping of outgoing LW forcing. The spatial distribution of all-sky radiative forcing shares a similar pattern compared to the clear-sky conditions (not shown). The magnitudes of the all-sky radiative forcing at the surface, at the TOA, and in the atmosphere are slightly smaller than those in the clear-sky in Table 4 , resulting Figure 4 shows the spatial distributions of differences in MAM dust radiative forcing between the LGM Active and Passive numerical experiments, including shortwave (SW), longwave (LW), and net (SW + LW) components (at the surface, at the TOA, and in the atmosphere) for clear-sky radiative forcing. It is noted that the difference in the radiative forcing is significant almost everywhere over East Asia (not shown in the figures). The corresponding regional averaged values over East Asia are summarized in Table 4 . The regional averaged SW DRF of dust is negative at the surface (−28.9 W m −2 ), while the LW DRF is positive (17.1 W m −2 ), offsetting to some extent the SW effect (Table 4) . Consequently, there is a net negative radiative forcing at the surface (−11.8 W m −2 ) over eastern Asia, where it is much larger and statistically significant over the Taklimakan and Gobi deserts (Figure 4a ). This is mainly because the high scattering efficiency of large amounts of dust aerosols over these two dust source regions results in a larger surface negative radiative forcing. The SW of dust forcing at the TOA is negative (−7.0 W m −2 ) over East Asia, but the LW forcing is positive (4.4 W m −2 ) since the dust aerosols trap the outgoing longwave radiation at the TOA (Figure 4e) . Additionally, the net radiative forcing by dust aerosols in the atmosphere is positive over East Asia by the combined effects of high scattering for SW and trapping of outgoing LW forcing. The spatial distribution of all-sky radiative forcing shares a similar pattern compared to the clear-sky conditions (not shown). The magnitudes of the all-sky radiative forcing at the surface, at the TOA, and in the atmosphere are slightly smaller than those in the clear-sky in Table 4 , resulting from the perturbations of cloud radiative forcing induced by dust radiative feedback. Albani et al. [24] summarized the global averaged net TOA DRF in the existing model studies for LGM, including both the SW and LW in a range between −0.02 and −3.20 W m −2 . Our global averaged DRF at the TOA is −0.32 W m −2 , which is the same as the result from Albani et al. [31] , and is within the range estimated by other models. It is evident that the DRF over East Asia is quite a lot larger than the global average, which probably links to the higher local dust loading. Figure 5 shows the corresponding changes in the surface sensible heat flux and the surface wind speed induced by DRF in MAM. The surface negative net radiative forcing (Figure 4c ) causes a reduction in the sensible heat flux from the ground into the atmosphere over East Asia (Figure 5a ). The generation of turbulent energy was highly correlated with the heat flux (mainly sensible heat fluxes) produced by radiation and the momentum flux caused by wind shear [42] . As presented in Section 2.2, the Ri could describe the turbulent stability not only from the perspective of thermal forces, but also from the perspective of mechanical forces. The spatial distributions of the Ri in two types of LGM simulations are shown in Figure 6 . The values of Ri over East Asia are all less than 1.0, indicating the strong turbulence and mixing in the low-level atmosphere during LGM. This strong mixing condition leads the strong dust emission and then high loading in the same period (Figure 2d ). The regional mean Ri over East Asia in the Active simulation (Ri = 0.72) is larger than that in Passive simulation (Ri = 0.64), implying that the DRF has increased the stability and lowered the mixing in the PBL. This reduced mixing would cause less acceleration at the surface, consistent with the negative wind anomaly (Figure 5b) . Hence, the decreased surface wind speed can reduce the emission flux of dust aerosols, leading to the weakened dust cycle (Figures 2 and 3c) . This PBL mechanism associated with the dust emission feedback has been proposed by Miller et al. [16] and Heinold et al. [53] .
Dust Radiative Forcing and Dust Radiative Feedbacks
a reduction in the sensible heat flux from the ground into the atmosphere over East Asia (Figure 5a ). The generation of turbulent energy was highly correlated with the heat flux (mainly sensible heat fluxes) produced by radiation and the momentum flux caused by wind shear [42] Figure 6 . The values of Ri over East Asia are all less than 1.0, indicating the strong turbulence and mixing in the low-level atmosphere during LGM. This strong mixing condition leads the strong dust emission and then high loading in the same period (Figure 2d ). The regional mean Ri over East Asia in the Active simulation (Ri = 0.72) is larger than that in Passive simulation (Ri = 0.64), implying that the DRF has increased the stability and lowered the mixing in the PBL. This reduced mixing would cause less acceleration at the surface, consistent with the negative wind anomaly (Figure 5b) . Hence, the decreased surface wind speed can reduce the emission flux of dust aerosols, leading to the weakened dust cycle (Figure 2 and Figure 3c ). This PBL mechanism associated with the dust emission feedback has been proposed by Miller et al. [16] and Heinold et al. [53] . The negative dust-DRF-emission feedback during the LGM has been investigated in our study. The following question is to what extent this feedback was strengthened in the LGM compared to the current climate. The key processes of dust cycles in MAM for the dust regions over East Asia in PD Active-Passive experiments are summarized in Table 5 . Compared to the counterparts in the LGM (Table 3) , the magnitudes of the dust emission, dry and wet depositions, and loading in both LGM simulations have all increased by a factor of about eight. Specially, the dust emissions in the LGM over East Asia are reduced by amounts of −77.2 Tg season −1 by the negative DRF-emission feedback, compared to the current climate with −6.8 Tg season −1 . But the two ratios of these reductions to their emissions are close, with −10.7% for the LGM and −7.5% for the current climate. The negative dust-DRF-emission feedback during the LGM has been investigated in our study. The following question is to what extent this feedback was strengthened in the LGM compared to the current climate. The key processes of dust cycles in MAM for the dust regions over East Asia in PD Active-Passive experiments are summarized in Table 5 . Compared to the counterparts in the LGM (Table 3) , the magnitudes of the dust emission, dry and wet depositions, and loading in both LGM simulations have all increased by a factor of about eight. Specially, the dust emissions in the LGM over East Asia are reduced by amounts of −77.2 Tg season −1 by the negative DRF-emission feedback, compared to the current climate with −6.8 Tg season −1 . But the two ratios of these reductions to their emissions are close, with −10.7% for the LGM and −7.5% for the current climate. Figure 7 presents the seasonal changes in dust emissions changes induced by the DRF, with seasonal reduction amounts of 78.2, 12.6, 23.6, and 26.0 Tg in spring (MAM), summer (JJA), autumn (SON), and winter (DJF), respectively. Evidently, the decrease in the spring (MAM) dust emission dominated, accounting for 56% of the annual decrease in dust emissions. Therefore, we focus on the DRF and its feedbacks on the dust cycle during MAM in this study. 
Dust cycle
Active Passive Difference (Ratio) Figure 7 presents the seasonal changes in dust emissions changes induced by the DRF, with seasonal reduction amounts of 78.2, 12.6, 23.6, and 26.0 Tg in spring (MAM), summer (JJA), autumn (SON), and winter (DJF), respectively. Evidently, the decrease in the spring (MAM) dust emission dominated, accounting for 56% of the annual decrease in dust emissions. Therefore, we focus on the DRF and its feedbacks on the dust cycle during MAM in this study. 
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Summary and Conclusions
In this paper, the improved CAM4-BAM by Albani et al. [31] was used to evaluate the East Asian dust cycle during LGM. The two numerical experiments were completed and intercompared with and without the dust direct radiative effects (DRF) for LGM and PD, respectively. Their differences were used to study the radiative feedbacks of dust aerosols over East Asia during these two periods.
Our results showed that the dust AOD and loading over East Asia exhibited a significant increase in LGM compared to current climate by a factor of five, or even to eight in dust source areas. According to the differences between the LGM Active and Passive experiments, the dust emissions, loading, and dry and wet depositions over East Asia have been weakened significantly with the DRF. Over East Asia, the DRF decreases the surface sensible heat, mainly owing to the negative surface forcing. The decreased surface sensible heat weakens the turbulent energy in the planetary boundary layer (PBL), which is reflected by the value of Ri. The surface wind speed has been significantly reduced by the PBL mechanism, which then weakens the regional dust emissions. With this PBL mechanism, this process can create a negative DRF-emission feedback loop to affect the dust cycle. Further analysis reveals that the dust emissions in the LGM over East Asia are reduced by amounts of −77.2 Tg season −1 by the negative DRF-emission feedback, compared to the current climate with −6.8 Tg season −1 . However, the two ratios of these reductions to their emissions are close, with -10.7% for the LGM and −7.5% for the current climate.
More recently, the radiative forcing in dust-in-snow over the Tibetan Plateau enhances the dust cycle over East Asia, especially increasing the dust emissions significantly, and hence creating a positive feedback [41] . Since the LGM climate is an ideal target to test the inclusion of new processes in models, the positive feedback of dust-in-snow in the LGM can offer a unique 
More recently, the radiative forcing in dust-in-snow over the Tibetan Plateau enhances the dust cycle over East Asia, especially increasing the dust emissions significantly, and hence creating a positive feedback [41] . Since the LGM climate is an ideal target to test the inclusion of new processes in models, the positive feedback of dust-in-snow in the LGM can offer a unique opportunity to improve understanding of the mechanisms controlling the global dust cycle, which will be our future work. 
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